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Abstract 
In the present study, our aim is to develop a deeper understanding of strain accumulation in the vicinity of 
grain boundaries (GBs) within a polycrystalline aggregate. We focus on the role of slip transmission in the uniaxial 
plastic deformation of a nickel-based superalloy, Hastelloy-X. Utilizing high resolution ex-situ digital image 
correlation (DIC) and electron backscatter diffraction (EBSD), we establish the most likely dislocation reactions due 
to slip transmission and use this information to calculate the residual Burgers vector and plastic strain magnitudes 
across each interface. From our analysis, we quantitatively show an influence of the magnitude of the residual 
Burgers vector on plastic strains across GBs. 
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1. Introduction 
In polycrystalline metals, the interactions between glissile dislocations and grain boundaries (GBs) 
influence the local plastic deformation behavior of the material [1]. One of the unresolved issues in this 
field is the transmission of slip across interfaces and the influence it has on strain magnitudes in the 
 
* Corresponding author. Tel.: +1-217-333-4112; fax: +1-217-244-6534. 
E-mail address: huseyin@illinois.edu 
Available online at www.sciencedirect.com
© 2012 Published by Elsevier B.V. Selection and/or peer review under responsibility of H.D. Espinosa and F. Hild.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
170   Wael Abuzaid et al. /  Procedia IUTAM  4 ( 2012 )  169 – 178 
vicinity of GBs [2]. It is expected that those boundaries that are conducive to transmission would exhibit 
high levels of slip induced strains across the interface.  In contrast, boundaries that block slip are expected 
to exhibit high strains in one of the grains across the interface but relative strain free zones in the adjacent 
grain. This correlation between GB resistance to slip transmission and the magnitude of plastic strains 
across GBs requires further quantitative investigation. In this study, we address this issue by presenting a 
detailed experimental analysis of deformation in the vicinity of GBs. 
 
Previous studies of individual dislocation-GB interactions helped develop our fundamental 
understanding of slip transmission across boundaries [2-4]. These careful experimental works were 
undertaken to analyze a finite number of boundaries utilizing in-situ transmission electron microscopy. 
One conclusion of these studies was that the residual Burgers vector (br) at the GB plane has a 
predominant effect on GB resistance to slip transmission. However, there has been less work on the 
relationship between br and the magnitude of strains across the GBs due to slip transmission. Therefore, 
one of the goals of the current study is to experimentally establish this relationship and relate it to the 
energy barriers for slip transmission, which are determined from atomistic simulations in the form of 
Molecular Dynamics (MD) [5, 6]. To accomplish this goal, we utilize high resolution digital image 
correlation (DIC) to gain quantitative measurements of strain levels across GBs [7, 8]. This information, 
along with crystallographic orientation measurements from electron backscatter diffraction (EBSD), is 
used to establish br and its relationship with strains across GBs. We note that DIC in conjunction EBSD 
and MD provide a powerful combination of tools to better understand the role of GBs in mediating the 
slip process.  
 
2. Material and methods 
Commercially available polycrystalline Hastelloy X, a nickel-based superalloy, was investigated in 
this study. Prior to deformation, the microstructure of the region of interest on the sample’s surface was 
characterized using EBSD. Fig. 1a shows a grain orientation map of a selected region. No texture was 
observed in the aggregate, and the percentage of annealing twins (Ȉ3 type GBs using the coincident site 
lattice notation) was about 30% of the total number of grains. Following EBSD, a fine speckle pattern 
was applied on the sample surface for ex-situ DIC measurements. Reference images, of the same region 
characterized using EBSD, were then captured using the optical microscope at 31 x magnification (0.14 
ȝm/pix). Afterwards, the specimen was deformed in uniaxial tension using a servo-hydraulic load frame 
to 2.2% nominal strain (using strain control) and unloaded (using load control). After unloading, the total 
residual strain was 2% nominal strain measured using a ½Ý gauge length extensometer. Subsequently, 
deformed images were captured following the same procedure used for the reference images. In-plane 
displacements were measured using commercial DIC software and the results were differentiated to 
obtain the high resolution strain fields. The subset size used for DIC (14 ȝm) is much smaller than the 
average grain size; this provided sub-grain level deformation measurement accuracy (average number of 
DIC correlation points per grain = 350). The advantage of such a measurement procedure is that it enables 
quantitative analysis of the plastic strain fields in relation to the underlying microstructure of the 
polycrystalline specimen. Different aspects of the microstructure, such as GBs and grain orientation, 
coupled with their influence on plastic strain accumulation were investigated using this technique. More 
details about the DIC measurement technique can be found in [7, 8].  
 
 
171 Wael Abuzaid et al. /  Procedia IUTAM  4 ( 2012 )  169 – 178 
100 ȝm 
 İyy (%) 
001 101 
111 
-0.5 0 0.5 1 1.5 2 2.5 3 
EBSD
(a) 
(b) 
x 
y 
100 ȝm
3. Results, analysis and discussion 
3.1. Local deformation measurements 
Three components of the plastic strain tensor were measured spatially in the region of interest, the 
vertical strain field İyy (along the loading direction), the horizontal strain field İxx, and the shear strain 
field İxy. Fig. 1b shows the contour plot of İyy (the largest strain component). In order to analyze the 
measured strain fields in relation to the underlying microstructure, local crystallographic orientation, from 
EBSD, was numerically overlaid on the DIC strain data, i.e., for each point, spatial strain and orientation 
data were consolidated. Eventually, each point in the field had the three components of the strain tensor 
(İxx, İyy, and İxy), and an associated local crystallographic orientation. This numerical overlay allowed for a 
superposition of the grain boundaries on all of the strain contour plots as shown, for example, in Fig. 1b. 
This approach provides means to quantitatively study local deformation in the vicinity of grain and twin 
boundaries. 
Fig. 1. (a) EBSD grain orientation map of a select region; (b) Contour plot of the vertical strain field (İyy) after loading the sample in 
uniaxial tension to 2.2 % and unloading. High strains above 3% are detected in the vicinity of GBs (some indicated with arrows). 
3.2. Slip system activity 
In fcc materials, 12 possible slip systems exist; three ۃͳͳͲۄ directions on each of four ሼͳͳͳሽ planes. 
Traces of the activated slip systems can be seen on the sample’s surface as shown in Fig. 2a. Observing 
and identifying the slip systems associated with the slip traces is an approach typically used to determine 
the activated slip systems. For example, grain G3 in Fig. 2a shows clear activation of theሺͳതͳͳሻ slip 
plane (blue line) and the ሺͳͳതͳሻ plane (red line). Schmid factors were used to make further specification 
regarding the slip directions associated with these slip planes. Table 1 lists the Schmid factors of the 12 
slip systems for grain G3 in Fig. 2a (uniaxial loading conditions). Systems 5 and 8 have the highest 
Schmid factors and thus they are the most likely to be activated compared to other systems with lower 
Schmid factors. This is the most probable case for the grain under consideration, since these systems are 
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on theሺͳതͳͳሻ and the ሺͳͳതͳሻ slip planes, which are active from slip traces. This approach does not 
provide quantitative information regarding the degree of slip activity in each system. Also, the spatial 
differences in slip system activation leading to heterogeneities within grains, as observed in Fig. 1b, 
cannot be detected or quantitatively measured.   
An alternative method for determining the active slip systems utilizes the measured macroscopic 
plastic strains and crystal orientation to solve for the crystallographic shear strains: 
 
 ݀ߝ௜௝
௣ ൌ ଵ
ଶ
σ ൫݊௜ఈ ௝݈ఈ ൅ ௝݊ఈ݈௜ఈ൯௦ఈୀଵ ݀ߛఈ ൌ σ ൫݉௜௝ఈ ൯௦ఈୀଵ ݀ߛఈ                                                               (1) 
 
where ߙis the slip system number (See Table 1 for planes and directions), ݏ is the number of slip systems 
(12 for fcc), ࢔ࢻ is the vector defining the normal to slip plane for system ߙ , ࢒ࢻ is the vector defining the 
slip direction, and ݀ߛఈ is the shear strain increment for system ߙ. Solving for the scalar quantities ݀ߛఈ at 
each spatial point yields local information about slip system activation across the selected region 
(nonlinear system of equations). In the current work, a visco-plastic constitutive model, which is standard 
in many crystal plasticity frameworks, was used to describe the shear strains ߛఈ; this helps in solving for 
the shear strain increments in Eq. 1 [9]. Using this procedure, the 12 shear increments at each DIC 
measurement point were determined (see Ref. [10] for more details on the procedure). Contour plots of 
the 12 possible slip systems were generated for the entire region of interest. For the sake of brevity, in 
Figs. 2b-2e, we only show the ones with the highest shear strains in same region shown in Fig. 2a. 
Different slip systems were activated in various spatial regions of each of the grains, e.g., certain slip 
systems show activity in the vicinity of some GBs but not others (see systems 5 in grain G3). This 
information regarding slip system activity across GBs is important for the study of slip transmission as we 
will show later in this paper. 
Fig. 2. (a) SEM micrograph of the deformed sample (a portion of the region shown in Fig. 1); (b-e) Contour plot of the 
crystallographic shear increments of the same region shown in (a). Only the highest 4 activated systems are shown for increased 
clarity (systems 4, 5, 8 & 10).    slip system activity in different regions is clearly seen. Some systems are only activated in the 
vicinity of some grain boundaries (e.g., systems 5 in grain G3).  
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Table 1. Schmid factors of the four grains (G1-G4) marked in Fig.2 
Slip System 
        Į 
Slip Plane Slip 
Direction 
Schmid Factor 
Grain G1 Grain G2 Grain G3 Grain G4 
System 1 ሺͳͳͳሻ ሾͳ ͳത Ͳሿ 0.06 0.25 0.03 0.21 
System 2 ሺͳͳͳሻ ሾͳ Ͳ ͳതሿ 0.11 0.02 0.01 0.19 
System 3 ሺͳͳͳሻ ሾͲ ͳ ͳതሿ 0.05 0.27 0.02 0.02 
System 4 ሺͳതͳͳሻ ሾͳ Ͳ ͳሿ 0.12 0.14 0.39 0.43 
System 5 ሺͳതͳͳሻ ሾͲ ͳ ͳതሿ 0.34 0.42 0.45 0.07 
System 6 ሺͳതͳͳሻ ሾͳ ͳ Ͳሿ 0.45 0.28 0.06 0.36 
System 7 ሺͳͳതͳሻ ሾͳത Ͳ ͳሿ 0.12 0.06 0.36 0.48 
System 8 ሺͳͳതͳሻ ሾͲ ͳ ͳሿ 0.05 0.39 0.42 0.22 
System 9 ሺͳͳതͳሻ ሾͳ ͳ Ͳሿ 0.07 0.45 0.06 0.26 
System 10 ሺͳͳͳതሻ ሾͳ ͳത Ͳሿ 0.46 0.48 0.09 0.41 
System 11 ሺͳͳͳതሻ ሾͳ Ͳ ͳሿ 0.11 0.18 0.04 0.24 
System 12 ሺͳͳͳതሻ ሾͲ ͳ ͳሿ 0.35 0.30 0.04 0.17 
3.3. Slip transmission across GBs 
One of the possible outcomes of dislocation-grain boundary interaction is partial slip transmission of 
the incoming slip across the GB. This process leaves behind a residual dislocation in the GB plane. The 
following dislocations reaction equation is used to define the residual Burgers vector, br, based on the 
Burgers vectors of the dislocations on both sides across the GB: 
࢈ሬԦ࢘ ൌ ࢈ሬԦ૚ െ ࢈ሬԦ૛                                                                                                                                (2) 
where b1 and b2 are the Burgers vectors of the incident and transmitted dislocations across the GB, 
respectively (see schematic in Fig. 3a). When information about these quantities is lagging, i.e., we do not 
know the exact types of the incident and transmitted dislocations, the difference between the slip 
directions (࢒૚࢒૛) can be used as an approximation of the magnitude of br.   
ห࢈ሬԦ࢘ห ൌ ห࢒Ԧ૚ െ ࢒Ԧ૛ห                                                                  (3) 
The information needed for this kind of analysis is available from the crystallographic shear strains 
calculation shown in Section 3.2. We only focus on deformation in the vicinity of interfaces (mantle 
regions defined in Fig. 3b). Through careful analysis of all the activated systems in mantle regions of a 
specific GB, we can determine the slip directions of the incident and transmitted dislocations across the 
interface and utilize that information to establish an experimental estimate of br using Eq. 3. Figure 4 
shows an example of slip transmission through a Ȉ3 GB. From the SEM micrograph (Fig. 4a), we see 
continuous slip traces across the GB. The shear strains associated with the observed traces determine the 
specific slip systems and directions of slip associated with the slip traces. Figure 4b shows contour plots 
of the shear strains for the incident and transmitted slip across the GB. The continuity of slip traces and 
the high shear strains across the interface (incident and transmitted) is associated with slip transmission 
across this GB. Consideration of the Lee, Robertson and Birnbaum criterion for slip transfer (LRB) [2] 
predicts the observed transmitted dislocation (system 2 in the top grain in Fig. 4) for the measured 
incident dislocation as shown in Table 2. This reaction results in |br| = 0 (see Fig. 4), i.e., cross slip of the 
incident dislocation across the GB with no residual dislocation at the GB plane. We note that for this 
magnitude of br, high shear strains were measured across the interface. 
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Fig. 3. (a) Schematic of slip transmission through a grain boundary. b1 and b2 are the Burgers vector of the incident and transmitted 
dislocations across the GB plane. ș is the angle between the lines of intersection between slip planes of the incident and transmitted 
dislocations and the GB plane. br is the residual dislocation left in the GB plane; (b) Examples showing the experimentally defined 
GB mantles. 
Fig. 4. Slip transmission through a Ȉ3 GB. (a) SEM micrograph showing continuity of slip traces across the GB.  The shear strains 
associated with the observed traces are shown in (b). The directions and magnitudes of both systems across the interface indicates 
slip transmission through the GB with |br| = 0. In the dislocation reaction equation, a represents the lattice spacing of the material. 
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Table 2. Prediction of the activated slip system for transmission through the Ȉ3 GB shown in Fig. 4. The incident slip is 
ሺͳͳതͳሻሾͳͳͲሿ which is determined from the shear strain calculation. The direction of this slip system is confirmed to be towards 
the GB (from the sign of shear strain). Slip transmission follows the LRB slip transfer criterion.  
Slip System Slip Plane Slip Direction Geometric 
condition, ș º  
Schmid 
Factor 
|br| 
System 1 ሺͳͳͳሻ ሾͳ ͳത Ͳሿ 20.4 0.12 0.71 
System 2 ሺ૚૚૚ሻ ሾ૚ ૙ ૚ഥሿ 20.4 0.48 0.00 
System 3 ሺͳͳͳሻ ሾͲ ͳ ͳതሿ 20.4 0.36 0.71 
System 4 ሺͳതͳͳሻ ሾͳ Ͳ ͳሿ 82.8 0.10 1.00 
System 5 ሺͳതͳͳሻ ሾͲ ͳ ͳതሿ 82.8 0.11 0.71 
System 6 ሺͳതͳͳሻ ሾͳ ͳ Ͳሿ 82.8 0.21 0.71 
System 7 ሺͳͳതͳሻ ሾͳത Ͳ ͳሿ 67.3 0.04 0.00 
System 8 ሺͳͳതͳሻ ሾͲ ͳ ͳሿ 67.3 0.02 1.23 
System 9 ሺͳͳതͳሻ ሾͳ ͳ Ͳሿ 67.3 0.06 0.71 
System 10 ሺͳͳͳതሻ ሾͳ ͳത Ͳሿ 50.3 0.15 0.71 
System 11 ሺͳͳͳതሻ ሾͳ Ͳ ͳሿ 50.3 0.42 1.00 
System 12 ሺͳͳͳതሻ ሾͲ ͳ ͳሿ 50.3 0.27 1.23 
As we aim to elucidate the relationship between |br| and the magnitude of shear strains across GBs due 
to slip transmission, we present another example of slip transmission through a Ȉ3 GB (shown in Fig. 5), 
but with incident and transmitted dislocations yielding a higher magnitude of br compared to the first 
example shown in Fig. 4. The contour plots of the shear strains in Fig. 5b shows higher strains in one of 
the grains (incident dislocation side) and relatively lower strains in the other grain across the GB 
(transmitted dislocation side). The reaction associated with the observed transmission yields |br| = 0.41 a 
(where a is the lattice spacing of the material). 
 
 
 
 
 
 
 
 
 
Fig. 5. Slip transmission through a Ȉ3 GB. (a) SEM micrograph showing continuity of slip traces across the GB.  The shear strains 
associated with the observed traces are shown in (b). The directions and magnitudes of both systems across the interface indicates 
slip transmission through the GB with |br| = 0.41 a.  
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For each of the presented examples in Figs. 4 and 5, we calculated the average shear strains in mantle 
regions of the incident and transmitted slips across each GB. Table 3 reports these values along with the 
ratio of transmitted shear strains to incident shear strains. We observe an inverse relation between this 
ratio and the magnitude of br. Notice that the magnitudes of the incident shear strains are comparable for 
both of the reported cases while the transmitted shear strain magnitude is lower at high br.   
Table 3. Relationship between |br| and the magnitude of shear strain across GBs for transmission cases presented in Figs. 4 and 5. 
ȁܾ௥ȁ Average Mantle Strain (%) σหߛሺ்௥௔௡௦Ǥሻห
σȁߛሺூ௡௖Ǥሻȁ
  หߛሺூ௡௖Ǥሻห  หߛሺ்௥௔௡௦Ǥሻห 
0 2.9 3.2 1.1 
0.41a 2.8 1.5 0.5 
In Fig. 6, we present additional cases showing more complicated reactions and transmission of 
multiple slip systems through two Ȉ3 GBs. Reactions A and B represent cross slip through both GBs of 
the annealing twin in the middle of Fig. 6a, i.e., |br| = 0. Reactions C and D represent transmission in the 
opposite direction compared to A and B. We clearly observe from the contour plots in Figs. 6b-6d that 
different slip activity, and thus different slip transmission reactions takes place in different spatial 
locations of a single GB. In Table 4 we report the magnitudes of the shear strains for reactions A and C. 
We again observe an inverse relation between the ratio of shear strains and the magnitude of br. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Multiple slip transmission through Ȉ3 GBs. (a) SEM micrograph showing continuity of slip traces across the GB.  The shear 
strains associated with the observed traces of reactions A and B are shown in (b), reaction C in (c), and reaction D in (d).  
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Table 4. Relationship between the |br| and the magnitude of shear strain across GBs for transmission cases presented in Fig. 6 
Reaction Min. ȁܾ௥ȁ Average Mantle Strain (%) σหߛሺ்௥௔௡௦Ǥሻห
σȁߛሺூ௡௖Ǥሻȁ
  หߛሺூ௡௖Ǥሻห  หߛሺ்௥௔௡௦Ǥሻห 
A 0 2.1 2.3 1.1 
C 0.41a 4.4 2.8 0.6 
3.4. Energy barriers against slip transmission  
Additional information regarding the influence of the magnitude of br on slip transmission was 
obtained from MD simulations by calculating the energy barriers against slip transmission [6]. These 
energy barriers that dislocations must overcome during the transmission reaction depict the GB resistance 
to slip transmission. In Fig. 7 we present the results of selected transmission cases yielding different 
magnitudes of br. We observe a higher energy barrier to slip transmission at high |br|. The result explains 
the lower slip induced strains in the transmitted dislocation side of the GB in cases of high |br|.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Energy barriers for slip transmission versus the magnitude of residual Burgers vector br for selected MD simulations. 
 
4. Conclusions 
In the results presented herein, we observe an inverse relation between the ratio of shear strains 
(transmitted by incident shear strains) and the magnitude of br. At low |br|, the high shear strains on both 
sides across the GB, i.e., high strain ratio ~1, are attributed to lower GB resistance to slip transmission.  
On the other hand, at high |br|, high strains are measured in one side of the GB (incident slip side) and 
lower strain in the transmitted slip side, i.e., low strain ratio. This indicates higher GB resistance to slip 
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transmission. These observations indicate that the magnitude of the residual Burgers vector is essential for 
describing the local strain magnitudes and heterogeneities in the vicinity of GBs. 
 
An additional level of understanding the role of |br| in slip transmission is obtained from MD 
simulations. We show a higher energy barrier to slip transmission at high |br|. These energy barriers, 
analogous to the GB resistance to slip transmission, have an influence on the strain magnitudes across the 
GB. We note that the energy barrier calculations were based on the assumption of a single incident 
dislocation. This represents a simplifying assumption if one considers that multiple slip systems are 
usually activated on both sides of the GB. It is expected that the interaction between incident and 
transmitted dislocations on both sides of the interface will have an effect on the calculated energy barrier 
if a single incident dislocation is considered. This issue should be explored further to quantitatively asses 
the role of multiple slip system interaction on the energy barrier calculation for slip transmission.  We 
finally emphasize that the use of MD in conjunction with EBSD and DIC provides insights that cannot be 
gleaned by consideration of only one of these methods. 
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